In the microbiological assay for the determination of trace amounts of penicillin, it has been shown that sodium citrate and penicillin act synergistically against Sarcina lutea. The inhibitory action of citrate appears to involve a sequestering of divalent cations essential to the growth of the organism as shown by minimal inhibitory concentration and agar diffusion studies. (5), and the general methods described therein were designed to be adaptable to the testing for trace amounts of penicillin in a broad variety of pharmaceutical products. However, it has long been known that salts of citric acid exhibit an inhibitory effect against a number of microorganisms (7, 8) . Since such salts may be utilized in pharmacuetical dosage formulations, failure to recognize the antimicrobial properties of citrates can lead to incorrect conclusions if such products are tested for penicillin cross-contamination by standard procedures (3).
In 1965, the Food and Drug Administration (FDA) issued Procedures for Detecting and Measuring Penicillin Contamination in Drugs (5) , and the general methods described therein were designed to be adaptable to the testing for trace amounts of penicillin in a broad variety of pharmaceutical products. However, it has long been known that salts of citric acid exhibit an inhibitory effect against a number of microorganisms (7, 8) . Since such salts may be utilized in pharmacuetical dosage formulations, failure to recognize the antimicrobial properties of citrates can lead to incorrect conclusions if such products are tested for penicillin cross-contamination by standard procedures (3) .
In reviewing this problem, it became evident that the citrate interference might simply be due to a sequestering of cations from the agar which are essential to the growth of the test organism. The purpose of the present work was to investigate this possibility with the objective of developing an interference-free method for the determination of trace amounts of penicillin in the presence of citrate salts.
MATERIALS AND METHODS Chemical compounds. Erythromycin lactobionate was purchased from Abbott Laboratories (North Chicago, Ill.). All other chemical compounds were readily available laboratory reagents.
Buffers. Phosphate buffer, 1%, consisted of 0.2% dibasic potassium phosphate and 0.8% monobasic potassium phosphate in distilled water and adjusted to pH 6.0 with 10 N sodium hydroxide (5) . Citrated buffer was the 1% phosphate buffer containing 25 mg of sodium citrate per ml.
Media. Antibiotic assay broth (antibiotic medium no. 3) and seed agar (antibiotic medium no. 1) were purchased from Baltimore Biological Laboratories (Baltimore, Md.). Other agar media were prepared by dissolving the appropriate metal salts in 500 ml of demineralized distilled water before adding the dehydrated medium and bringing to volume. These media were sterilized by autoclaving.
Bacteria and culture suspension. Sarcina lutea, erythromycin resistant (ATCC 15957), was used throughout this study. The test organism suspension was prepared according to the FDA method (5) on Roux bottles containing 300 ml of seed agar supplemented with 600 ug of erythromycin lactobionate. Experimental procedure. For the determination of the minimal inhibitory concentration (MIC), the broth dilution method (6) was employed using antibiotic assay broth containing 25 mg of sodium citrate per ml. The inoculum consisted of 0.1 ml of a dilution (1:10) of the culture suspension.
In the agar diffusion assays, the FDA method (5) was adopted with the exception that both the base and seed layers contained seed agar. In determining the sodium citrate dose-response curves, five cylinders per plate and three plates per dilution were employed. In establishing the standard curves for penicillin G, five cylinders per plate and four plates per dilution were employed at the 0.005-, 0.0125-, and 0.025-U/ml levels, and four cylinders per plate and four plates per dilution at the 0.10-and 0.20-U/ml levels.
RESULTS
Effect of calcium and magnesium on the MIC of sodium citrate. It was previously reported that the inhibitory action of sodium citrate on certain strains of staphylococci could be overcome by the addition of calcium and magnesium (8) . Therefore, the MIC of sodium citrate was determined for both S. Iutea and S. lutea in the presence of different concentrations of calcium and magnesium (Table 1) to see whether a similar relationship existed. The experiments showed that although the MIC of sodium citrate was approximately 5 mg/ml for S. lutea, the inhibitory action of sodium citrate was overcome by calcium and magnesium ions since progressively higher MICs were obtained by increasing their concentrations. An MIC of 50 mg/ml was obtained with a combination of 0.01 M calcium chloride and 0.01 M magnesium chloride, whereas 0.1 M magnesium chloride raised the MIC to at least 90 mg/ml. Calcium chloride could not be used at concentrations greater than 0.01 M because it produced heavy precipitation in the medium. When S. lutea grew in the presence of sodium citrate at concentrations greater than 5 mg/ml and at the marginal cation levels, it tended to form a ropy sediment as reported for the staphylococci (8) . Based on these results, it was apparent that the inhibitory action of sodium citrate on S. lutea is due to the sequestering of essential cations, and magnesium was generally more effective than calcium in overcoming this inhibition.
Effect of calcium and magnesium in agar for sodium citrate. The sodium citrate doseresponse curves against S. lutea on plain agar and on agar containing different concentrations of calcium and magnesium are shown in Fig. 1 . A first-order inhibitory response was obtained with sodium citrate on plain agar, whereas inhibition zones were partially or totally eliminated when calcium and magnsium were added together at suitable concentrations. Complete zone quenching occurred at the 0.01 M levels, but some precipitate formed in the agar due to the calcium.
Effect of calcium and magnesium ions on penicillin activity. Penicillin activity could not be measured reliably on plain agar when dilutions were prepared in citrated buffer since penicillin and citrate acted in a synergistic manner against S. lutea. There dose-response curves deviated considerably from the normal response in plain buffer below 0.10 U/ml; zone diameters at the lowest penicillin levels were larger than for either penicillin or sodium citrate acting independently (Fig. 2) . This synergism between sodium citrate and penicillin was partially eliminated by the addition of the divalent cations at the 0.01 M level. Calcium and magnesium added separately were effective at all but the lowest point of the curve, 0.005 U/ml, where some citrate antagonism was still apparent. Calcium ions were the least effective in this case as shown by the occurrence of small zones of inhibition around the citrated buffer controls on agar amended with calcium chloride but not with magnesium chloride. However, when equimolar amounts of calcium and magnesium were added together the dose-response curves for penicillin diluted in either plain or citrated buffer were practically identical and superimposable over the entire range of dilutions (Fig. 3) . Citrated buffer controls also showed no inhibitory activity whatsoever on this medium and the same was true when 0.02 M magnesium was added alone (Fig. 4) . The The growth of S. lutea was stimulated by the addition of calcium or magnesium and penicillin inhibition zones were significantly larger in diameter than on plain agar. As a result, assay susceptibility was improved as shown by the ability to consistently measure penicillin activity at 0.005 U/ml, even in the presence of citrate, which heretofore had been a practical impossibility.
Penicillin detection in spiked samples. Table 2 shows the penicillin activity recovered from spiked samples of sodium citrate by the direct assay method employing agar amended with calcium and magnesium. Table 3 shows the penicillin activity recovered from spiked samples of sodium citrate and citric acid by the direct assay method employing agar amended with magnesium by itself. No interference from either sodium citrate or citric acid was encountered in these assays. Penicillin recoveries from sodium citrate samples appeared to be better on agar containing 0.02 M magnesium chloride. However, recoveries on either medium were far superior to the customary 25 to 40% routinely experienced by a solvent extraction method-FDA sample preparation method 4 (5). The comparatively lower penicillin activity from the Avg recovery 84 a Penicillin G (0.500 U) was added to a solution of 1 g of sodium citrate in 40 ml of buffer as per FDA sample preparation method no. 1 (5). Controls consisted of penicillin G (0.500 U) in 40 ml of buffer.
b Penicillin recovery from samples with respect to the controls averaged 82%. Avg recovery 60 a Penicillin G (0.500 U) was added to a solution of 1 g of sodium citrate or citric acid in 40 ml of buffer as per FDA sample preparation method no. 1 (5) . The citric acid solution was adjusted to pH 6.0 with sodium hydroxide. Controls consisted of penicillin G (0.500 U) in 40 ml of buffer.
b Penicillin recovery from samples with respect to the controls averaged 97% for sodium citrate and 50% for citric acid. citric acid samples was not unexpected and was probably due to destruction of some penicillin at the initial low pH value of the solutions before adjustments to pH 6.0 could be completed. DISCUSSION The inhibitory action of sodium citrate on S. lutea is apparently due to the sequestering of divalent cations essential to the growth of the organism. Calcium and magnesium are effective in overcoming this inhibition at 0.01 M or greater concentrations since increased MICs are obtained in broth and inhibition zones on agar are quenched by the addition of the metal ions at these levels. Magnesium by itself appears to be more effective in overcoming citrate inhibition, but the amount of calcium which may be added is limited by its tendency to produce precipitation. Bacteria are known to require relatively large amounts of magnesium for growth, especially gram-positive bacteria (2) . Reportedly, magnesium deficiency causes ribosome and cell membrane instability and deterioration of many enzyme activities with concurrent loss of viability (1, 4, 7) .
Penicillin and citrate act in a synergistic manner against S. lutea on plain agar, but the synergism disappears when 0.01 M calcium and 0.01 M magnesium or 0.02 M magnesium are added. Dose-response curves for penicillin diluted in plain buffer or in buffer containing 25 mg of sodium citrate per ml (which is equivalent to the 1/40 sample dilution in the FDA direct assay) are nearly identical and superimposable when run on the modified agars. Agar amended by cation addition also seems to increase the susceptibility of S. lutea to penicillin since larger inhibition zones are produced against a greater amount of total growth, and the lowest penicillin concentration in the standard curve, 0.005 U/ml, is detected with little difficulty. Since 0.02 M magnesium chloride gives the best overall results, its use is recommended as an agar supplement to provide an interference-free method for the determination of trace amounts of penicillin in the presence of citrate salts.
